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Abstract. We investigate the possibility of reproducing the recently reported 3.55 keV line in
some simple decaying dark matter scenarios. In all cases a keV scale decaying DM is coupled
with a scalar field charged under SM gauge interactions and thus capable of pair production at
the LHC. We will investigate how the demand of a DM lifetime compatible with the observed
signal, combined with the requirement of the correct DM relic density through the freeze-in
mechanism, impacts the prospects of observation at the LHC of the decays of the scalar field.
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1 Introduction
The identification of the Dark Matter component of the Universe is one of the most important
puzzles in modern astrophysics and particle physics. Although conventional paradigms rely on
stable particle states, there are no a-priori arguments against decaying dark matter candidates,
provided that their lifetimes largely exceed the age of the Universe. In order to satisfy this
requirement, the couplings of the DM with ordinary matter are too suppressed to allow
Direct Detection of DM in experiments like e.g. XENON [1, 2], LUX [3]. On the contrary
there are rather promising prospects on Indirect Detection, in cosmic rays, of the DM decays
occurring at present times. Already strong limits on the DM lifetime have been set on a broad
variety of decay products by observations like those performed by Fermi [4–6], AMS [7] and
XMM/CHANDRA [8].
γ/X-rays are among the most promising signatures of DM Indirect Detection. Indeed
DM decays (and annihilations) can give rise to sharp peaks (“lines”) which can be hardly
accounted for by astrophysical sources. A spectral feature of this kind has been recently
identified in the combined spectrum of a large set of X-ray galaxy clusters [9] as well as
in the combined observation of the Perseus Cluster and the M31 galaxy [10]. This signal
can be accounted for by a rather broad variety of models of decaying DM [11–39] as well as
annihilating DM [40, 41] although an astrophysical/instrumental origin is still feasible [42, 43]
as the line has not been seen in stacked spheroidal galaxies or galaxy groups [44, 45].
A very simple and rather predictive decaying Dark Matter scenario has been proposed
and studied in [46, 47]. Here a SM singlet Majorana fermion is the Dark Matter candidate
and it is coupled with a scalar field charged under (at least some of) the gauge interactions
of the Standard Model and Standard Model fields. In its simplest realization this model can
be described by only four parameters: the masses of the DM and of the scalar field and two
Yukawa-type couplings λ and λ′ for the scalar field. The correct DM relic density is ensured
by a combination of the freeze-in and SuperWIMP mechanisms which are effective at the
low values of the couplings λ and λ′ compatible with constraints from Indirect Detection.
An hypothetical detection of the DM decays can in such a simple setting be related to LHC
signals associated to the LHC production of the charged scalar field with the latter being
long-lived or even detector-stable, thus producing peculiar signatures in the form of displaced
decays and/or disappearing tracks.
This kind of relation has been established in [46, 47] for rather massive, at least at the
GeV scale, DM candidates, for which three body tree-level decay processes of the DM into
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SM fermions are kinematically allowed. In this work we want to investigate whether a similar
interplay between collider and DM indirect detection can be established for DM masses at the
keV scale, for which only two-body, one-loop induced, decays into a neutrino and a photon
are possible, thus reproducing in the model the X-ray line signal. We will as well discuss two
extensions/modifications of the scenario, allowing for further couplings and fields. In the first
case we will consider the case in which the DM decays into a photon and a new SM singlet,
rather than the neutrino. This new state is required to be extremely light, O(eV), and can
then contribute to the number of light species Neff which are probed by CMB experiments.
We will finally consider the case in which the DM plays the role of a sterile neutrino. Although
in this case the line signal is accounted for by the mixing with SM neutrinos, the presence of
the scalar field is still relevant since it provides an additional DM generation mechanism and
lightens some of the cosmological tensions characteristic of this kind of scenarios.
The paper is organized as follows. In the next section we will briefly review the minimal
decaying DM model and investigate the impact on the parameter space of the combined
requirement of the agreement with the X-ray signal and of the correct DM relic density. In
section 3 and 4, we will then discuss the two simple extensions and finally state our conclusions.
2 Minimal scenario
A very simple and economic scenario of decaying dark matter has been discussed in [46] (see
also [48–50]). A Maiorana DM particle ψ, singlet with respect to the SM gauge group, features
a renormalizable Yukawa type interaction with a scalar field Σf , with not trivial SM charges,
and a SM fermion, being a lepton or a quark according to the assignment of the quantum
numbers of Σf :
Leff = λψ¯f Σ
†
f + h.c. . (2.1)
In absence of symmetries protecting the DM stability, interactions of the same type are also
allowed between Σf and two SM fermions (see [47] for a complete list of all the allowed
operators), such that the DM can decay into three SM fermions. These kind of processes
are already severely constrained by antiproton searches [50, 51] and, more recently, by the
measurements by AMS of the positron flux and positron fraction [52]. A photon line can
be produced by a DM decay process into a photon and a neutrino, induced at one loop by
diagrams like the one reported in fig. 1. This kind of process has a sizable branching ratio
only when tree-level decays into SM fermions are kinematically forbidden. The energy of the
photon emitted per DM decay is simply given, by kinematics, by Eγ =
mψ
2 . This fixes the
DM mass to about 7 keV if one wants to explain the recently observed X-ray line.
This kind of decay occurs only if the following couplings between the scalar field and
SM fermions are present:
Leff = λ
′
d¯R`LΣq + h.c. Σq = (3, 2, 1/3)
Leff = λ
′ ¯`c
RqLΣ
†
d + h.c. Σd = (3, 1,−2/3)
Leff = λ
′ ¯`c
R`LΣ
†
e + h.c. Σ` = (1, 2,−1)
Leff = λ
′
e¯R`LΣ` + h.c. Σe = (1, 1,−2) . (2.2)
Besides the ones shown in (2.2) other operators coupling the scalar field with two SM fermions
can be in general present but have no impact in the analysis performed in this work. We
remark however that all these operators violate baryon or lepton number and very severe
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Figure 1: DM 2-body decay into γ and ν with the loop induced by Σd.
constraints from proton decay may arise if both these two quantum numbers are violated.
We will thus implicitly assume throughout all this work that there is no contemporary presence
of operators which violate B and L numbers.
The decay rate of the DM into a neutrino and a photon is given by [49]:
Γ(ψ → γν) = e
2m3ψ
2048pi5
(∑
i
mi
m2Σf
λ
′
iλif1
(
m2i
m2Σf
))2
,
where f1(x) =
1
1− x
[
1 +
1
1− x lnx
]
(2.3)
and the sum runs over the fermions flowing into the loop. We notice that the decay rate
depends on the mass of the SM fermion in the loop since a chirality flip in the internal
fermion line is required. Unless particular hierarchies in the couplings λ and λ′ with respect
to the fermion flavors are assumed the DM decay rate is thus mostly sensitive to the couplings
of Σf with third generation fermions. From now on, unless differently stated, we will assume
the couplings λ and λ′ flavor universal and keep only the contribution of the third generation.
It is straightforward to see that the maximal value of the rate is achieved in the case
of a bottom quark running in the loop, since, due to the SM neutrino quantum numbers, it
is impossible to construct a loop with an intermediate top quark. Taking mb = 4 GeV, the
lifetime of the DM in this case can be estimated as:
τ (ψ → γν) ' 5.6× 106 s
( mψ
7 keV
)−3( mΣf
1TeV
)4(
λλ
′)−2
. (2.4)
By requiring a value of the lifetime of the order 1028 s, as expected for the detected photon
line, we obtain the condition:
λλ
′ ' 2.4× 10−11
( mψ
7 keV
)−3/2( mΣf
1TeV
)2(τ (ψ → γν)
1028 s
)−1/2
. (2.5)
As evident the prediction for the value of the product λλ′ is much higher than the one
considered in [46, 47]. This is consequence of the strong sensitivity of the DM lifetime on the
DM mass. We can determine the single values of the two couplings λ and λ′ by combining
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eq. (2.5) with the requirement of the correct relic DM relic density. Indeed the latter is
determined by a combination of freeze-in [53] and SuperWIMP [54, 55] mechanisms, both
relying on the decay of the scalar field into DM, as:
ΩDMh
2 = ΩFIDMh
2 + ΩSWDMh
2
' 1.09× 1027 gΣf
g
3/2
∗
mψ
mΣf
Γ (Σf → fψ)
mΣf
+
mψ
mΣf
Br (Σf → fψ) ΩΣfh2 , (2.6)
where g∗ is the number of relativistic degrees of freedom in the Early Universe at the time of
DM production while gΣf and ΩΣf represent, respectively, the internal degrees of freedom and
the abundance at freeze-out of Σf . The abundance of the scalar field is fixed by interactions
mediated by its gauge couplings and is not influenced by the couplings λ and λ′ . As shown
in [46], the contribution of the SuperWIMP mechanism is negligible when mψ  mΣf . It is
then possible to directly relate the value of the DM relic density to the coupling λ as:
λ ' 0.8× 10−8
( mψ
7 keV
)−1/2( mΣf
1TeV
)1/2( g∗
100
)3/4(Ωh2
0.11
)1/2
. (2.7)
Substituting this result into eq. (2.5) we get:
λ
′ ' 3× 10−3
( mψ
7 keV
)−2( mΣf
1TeV
)5/2(τ (ψ → γν)
1028 s
)−1/2
. (2.8)
We note that there is a much stronger hierarchy between the couplings λ and λ′ with respect
to the one found in [46, 47]. Indeed, in order to compensate the suppression of the decay
rate due to the DM mass of the order of keV, we can only increase the coupling λ′ since
the coupling λ, instead, fixed by the freeze-in mechanism as in eq. (2.7), is a rather slowly
varying function of the DM mass and is still very suppressed. The scalar field Σf thus decays
dominantly only into SM particles. The associated decay length is given by:
lΣf ' 5.6× 10−11 cm
( mψ
7 keV
)2( mΣf
1TeV
)−4(τ (ψ → γν)
1028 s
)
. (2.9)
As a consequence the scalar field is expected to promptly decay if produced at LHC. We
remark that, due to the dependence of eq. (2.3) on the internal fermion mass, the value of λ′
reported in (2.8) is the minimal achievable. The conclusion above hence is valid for all the
realizations given in (2.2).
Contrary to the scenarios discussed in [46, 47], the requirement of the correct relic density
and a Indirect Detection of DM decays for masses in the keV range leads to the prediction
of a promptly decaying scalar field with two possible decay channels into a third generation
quark and a neutrino or a charged lepton. Conventional constraints from LHC searches then
apply. In the case of color charged scalar fields the relevant bounds come from searches of
leptoquarks. The most severe limits have been at the moment set by CMS and for the scenario
under consideration masses of the scalar field below approximately 840 GeV are excluded [56].
This limit is weakened down to 740 GeV [57] if coupling with only third generation fermions
is assumed. In the case of only electroweakly interacting scalar field the strongest limit come
from searches of supersymmetric particles decaying into leptons and missing energy [58]. The
upper limit on the mass of the scalar is then mΣ`,e < 190− 250 GeV [59, 60].
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Figure 2: Diagrams contributing at one-loop to the DM 2-body decay into γ and ν in-
duced by scalar-mixing.
As evident in the discussion, also for a keV DM it is possible to exploit the correlation
between ID DM signal and collider searches and obtain a rather clear determination of the
parameters of the model. On the other hand an hypothetical LHC signal would not able to
discriminate our scenario from other models since its peculiar signature, i.e. the observation
of both the decay modes of the scalar field (DM+SM and SM only) cannot be achieved.
3 Dark matter and Dark radiation scenario
In this section we discuss an extension of the minimal decaying DM scenario in which the
spectrum of BSM states is augmented with another SM singlet χ and the scalar spectrum is
constituted by two fields, a SU(2) doublet and a singlet. The photon line is now produced by
the decay ψ → χγ (see fig.2) and it is described by the following lagrangian:
Leff =
(
λLψ¯qLΣ
†
q + λRψ¯tRΣ
†
u
)
+ h.c.
+
(
λ
′
Lχ¯qLΣ
†
q + λ
′
Rχ¯tRΣ
†
u + h.c.
)
+ µHΣqΣ
†
u + h.c. . (3.1)
We have assigned to the two scalar fields the quantum numbers of a left handed and right-
handed up-quark in order to enhance the loop function through the top mass and possibly
achieve the desired value of the DM lifetime for suppressed couplings, such that the scalar
fields are long-lived at the LHC. Given the strong sensitivity of the DM lifetime on the SM
fermion masses, we have assumed for simplicity that the two SM singlets χ and ψ are coupled
only with third generation quarks. The couplings of the scalar field with only SM fermions,
which we have omitted for simplicity, are not relevant for the DM decay and then can be set
to be of comparable value to the couplings governing the decay of the scalar field into DM.
In this case after electroweak symmetry breaking the fields Σq,Σu mix and the physical
fields are instead Σ1,2, the eigenstates of the mass matrix:
M =
(
m2Σu µv
µv m2Σq
)
, (3.2)
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where v is the v.e.v. of the Higgs field. M has eigenvalues
m2Σ1,2 =
1
2
(
m2Σq +m
2
Σu ∓
√(
m2Σq −m2Σu
)2
+ 4v2µ2
)
(3.3)
and is diagonalized through the generic matrix:
η =
(
cos θ sin θ
− sin θ cos θ
)
(3.4)
where the mixing angle is given by
tan 2θ =
2µv
m2Σq −m2Σu
. (3.5)
The DM decay rate is then given by:
Γ (ψ → χγ) = αm
3
ψ
32pi4
(
1− m
2
χ
m2ψ
)3
[
mt sin θ cos θ
(
λLλ
′
R − λRλ
′
L
)( 1
m2Σ1
f1
(
m2t
m2Σ1
)
− 1
m2Σ2
f1
(
m2t
m2Σ2
))
−1
4
(mψ −mχ)
(
λLλ
′
L − λRλ
′
R
)(sin2 θ
m2Σ1
f2
(
m2t
m2Σ1
)
+
cos2 θ
m2Σ2
f2
(
m2t
m2Σ2
))]2
,
where f2(x) =
1
(1− x)2
[
1 + x+
2x
1− x lnx
]
. (3.6)
The term inside the square bracket in the DM decay rate is maximized for θ = pi4 , i.e.
m2Σq −m2Σu = 0, and λL = λ, λR = 0, λ
′
L = 0, λ
′
R = λ
′ (or viceversa). The DM lifetime is
mostly determined by the contribution from the lightest eigenstate. Neglecting the mass of
χ (the reason will be clarified in the following) it can be expressed as:
τ (ψ → χγ) ' 1.4× 104 s
( mψ
7 keV
)−3( mΣ1
1 TeV
)4 (
λλ
′)−2
. (3.7)
The DM production is as well dominated by Σ1 and λ is again determined by eq. (2.7). The
expected value of λ′ from the combined requirement of reproducing the photon-line and the
correct DM relic density is:
λ
′ ' 1.5× 10−4
( mψ
7 keV
)−2( mΣ1
1 TeV
)5/2
. (3.8)
This value, although sensitively lower than the one obtained in the previous case, is still
large enough to make the scalar field decay promptly at the LHC. Being substantially free
parameters, the couplings of the scalar field with only SM fermions can be of comparable
order as (3.8) in order to allow for the observation of a double LHC signal. Dealing with
prompt decays one has anyway to cope already with strong limits from LHC searches. The
most stringent ones come from searches of top squarks. Current limits allow 177 . mΣ1 . 200
GeV or mΣ1 > 750 GeV [61–63]. This value can be actually relaxed in presence of a branching
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Figure 3: Diagrams contributing at one-loop to the DM 2-body decay into γ and ν in-
duced by W .
ratio of decay into missing energy lower than 1. Indeed, in this case the scalar Σ1 is a mixed
state and can have decays as both Σq and Σu.
Notice also that the state χ is cosmologically stable if it is very light and might exist
in sizable numbers contributing to the DM abundance. Indeed, contrary to the case of ψ,
the value of the coupling λ′ is high enough to create, at early stages of the history of the
Universe, a thermal population of χ particles through decays/inverse decays of the scalar
fields and 2→ 2 scattering with top quarks. χ particles then undergo a relativistic freeze-out
at temperatures between 100 GeV and 1 TeV. In order to avoid bounds from overclosure of the
Universe and structure formation we impose a very low mass for this new state, mχ . O(eV).
Such light state can affect the number of effective neutrinos Neff . The deviation from the SM
prediction Neff = 3.046 induced by the χ particles can be expressed as [64, 65]:
∆Neff =
23.73
(gs∗(Td))
4/3
, (3.9)
where Td represents the decoupling temperature from the primordial thermal bath of the χ
particles. Thanks to the rather high decoupling temperature we have gs∗(Td) ∼ 100 due to
Standard Model states and therefore ∆Neff ∼ 0.05, which is compatible with the current
constraints [66].
4 DM as sterile neutrino
Another very simple way to reproduce the 3.55 keV line is to allow for a coupling with the
Higgs boson and a SM neutrinos of the form λ˜ψ¯H`, where for simplicity we have suppressed
generation indices, thus identifying the DM with a sterile right-handed neutrino. In this case
the radiative decay of the DM is achieved, irrespectively of couplings and mass of the scalar
field, through loops involving charged leptons and the W boson, as shown in fig. 3.
The decay rate of the DM is given by [67]:
Γ(ψ → νγ) = 9αG
2
Fm
5
ψ
256 4pi4
sin2 2Θ , (4.1)
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where Θ = λ˜vmψ . The required value of the DM lifetime is obtained for sin
2 2Θ = 2−20×10−11
which corresponds to λ˜ ' 10−13.
Although the scalar field is not responsible for the radiative decay of the DM, its presence
is anyway relevant for the DM production. As already shown for instance in [58, 68–71], the
decay of an extra field provides a simple and economical mechanism for the production of
sterile neutrinos with the low value of mixing angle with active neutrinos compatible with DM
Indirect Detection. Indeed the conventional, non-resonant, production through oscillations
from active neutrinos, known as the Dodelson-Widrow mechanism [72], can provide no more
than 1% of the DM relic density for the values of the parameters accounting for the present
X-ray signal, and its resonant enhancement [73] requires the presence of a very large lepton
asymmetry at low temperatures, which it is not trivial to achieve in realistic scenarios [74].
We also remark that the distribution function of the DM arising from the decays is “colder”
with respect to the two mechanisms mentioned above, thus alleviating tensions with structure
formation bounds for DM candidates with mass of the order of the keV.
The LHC phenomenology depends on the size of eventual couplings between the scalar
field Σf with only SM fields. These kind of couplings are completely uncorrelated to DM
phenomenology and are constrained only by the assumption that they do not contribute
substantially to the DM decay nor allow for fast proton decay. The most interesting case is
therefore when their value is suppressed and, as could be argued for example by a common
generation mechanisms, is comparable with the one of the other couplings either λ˜ or λ fixed
as in eq. (2.7). In such a case we would expect an LHC-metastable Σ field, whose prospects
of detection have extensively discussed in [47].
5 Conclusions
We have here considered the possibility of reproducing the 3.55 keV X-ray line signal in few
simple decaying DM scenarios. In the minimal realization, namely the extension of the SM
with a DM Majorana fermion and a single scalar field at the TeV scale, it is possible to
produce the right abundance of DM and obtain the correct DM lifetime for reasonable values
of the couplings λ and λ′. The model then predicts prompt decays of the colored Σ scalar at
LHC though the larger coupling λ′ in only Standard Model states. Even if the second decay
channel of Σ is too suppressed to be observable at the LHC, all the parameters of the models
can be determined by a combination of the Indirect Detection and LHC measurements and
the assumption of freeze-in production for DM can be in principle tested.
We tried to see if it is possible to lower the λ′ coupling and enhance the possibility to
measure both decay channels at the LHC. Unfortunately this turned out to be not so simple
to achieve. Enlarging the Dark Matter and Σ sector to have a top particle in the loop, does
allow for a wider range of possible λ′ couplings, but does not modify strongly the hierarchy
between λ′ and λ. In this model DM decays into a photon and an extremely light SM singlet,
which can affect the number of cosmological relativistic degrees of freedom Neff and possibly
be detected in the CMB. In this case the couplings between the Σ fields and purely SM fields
are not fixed by the DM lifetime and the phenomenology strongly depends on their values.
Indeed, if they are comparable to the coupling of the scalar with the new singlet fermion χ,
the scalar Σ could decay promptly at the LHC in both channels. Then it may be possible
to contemporary observe prompt decays into top quark and missing energy as well as decays
into only SM states and determine again all the parameters of the model. On the other hand,
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if the couplings of the Σ fields with only SM fields are of the order of the freeze-in coupling
λ, the scenario will be difficult to test at colliders.
We have finally considered the case in which the DM has the additional coupling to the
Higgs field and a SM neutrino, similarly to a sterile neutrino. The DM lifetime is determined
only by the new mixing, but the coupling of DM with the SM-charged field Σ can help in
obtaining the right DM abundance. In this last case, if also the couplings of Σ to SM fields
are of similar size, a double LHC detection of Σ decays through displaced vertices could be
possible at LHC and disentangle this scenario from a pure sterile neutrino.
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